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(57) ABSTRACT 

A method for reducing at least one of loads, de?ections of 
rotor blades, or peak rotational speed of a Wind turbine 
includes storing recent historical pitch related data, Wind 
related data, or both. The stored recent historical data is 
analyzed to determine at least one of Whether rapid pitching 
is occurring or Whether Wind speed decreases are occurring. 
A minimum pitch, a pitch rate limit, or both are imposed on 
pitch angle controls of the rotor blades conditioned upon 
results of the analysis. 
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METHOD AND APPARATUS FOR REDUCING 
ROTOR BLADE DEFLECTIONS, LOADS, AND/OR 

PEAK ROTATIONAL SPEED 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH & DEVELOPMENT 

[0001] The US. Government has certain rights in this 
invention as provided for by the terms of Contract No. 
DE-AC36-83CH10093, Subcontract No. ZAM-7-13320-26 
aWarded by the Department of Energy/Midwest Research 
Institute, National Renewable Energy Laboratory Division. 

BACKGROUND OF THE INVENTION 

[0002] This invention relates generally to Wind turbines, 
and more particularly to methods and apparatus for reducing 
peak loads, de?ections, and/or rotational speed of Wind 
turbines such as those that occur in a changing Wind envi 
ronment during normal operation. 

[0003] Recently, Wind turbines have received increased 
attention as environmentally safe and relatively inexpensive 
alternative energy sources. With this groWing interest, con 
siderable efforts have been made to develop Wind turbines 
that are reliable and ef?cient. 

[0004] Generally, a Wind turbine includes a rotor having 
multiple blades. The rotor is mounted to a housing or 
nacelle, Which is positioned on top of a truss or tubular 
toWer. Utility grade Wind turbines (i.e., Wind turbines 
designed to provide electrical poWer to a utility grid) can 
have large rotors (e.g., 30 or more meters in diameter). 
Blades on these rotors transform Wind energy into a rota 
tional torque or force that drives one or more generators that 
may be rotationally coupled to the rotor through a gearbox. 
The gearbox steps up the inherently loW rotational speed of 
the turbine rotor for the generator to ef?ciently convert 
mechanical energy to electrical energy, Which is fed into a 
utility grid. 
[0005] It has been observed that peak loads and/or rota 
tional speeds of pitch regulated Wind turbines often occur as 
a result of Wind speed dropping suddenly to a level in Which 
the pitch controller demands a rapid pitch toWard minimum 
pitch folloWed by a large increase in Wind speed. In the 
Worst cases observed, the pitch controller cannot keep up 
With the Wind change and large blade de?ections, loads, and 
rotational speeds arise. In at least one knoWn Wind turbine 
con?guration, a time lag is provided to limit the minimum 
pitch of the pitch control system. HoWever, the time lag is 
based upon the poWer output of the turbine and is not alWays 
active to limit the minimum pitch. 

BRIEF DESCRIPTION OF THE INVENTION 

[0006] Some con?gurations of the present invention there 
fore provide a method for reducing at least one of loads, 
de?ections of rotor blades, or peak rotational speed of a 
Wind turbine. The method includes storing recent historical 
pitch related data, Wind related data, or both. The stored 
recent historical data is analyZed to determine at least one of 
Whether rapid pitching is occurring or Whether Wind speed 
decreases are occurring. A minimum pitch, a pitch rate limit, 
or both are imposed on pitch angle controls of the rotor 
blades conditioned upon results of the analysis. 

[0007] In another aspect, some con?gurations of the 
present invention provide a method for reducing at least one 
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of loads, de?ections of rotor blades, or peak rotational speed 
of a Wind turbine. The method includes controlling pitch 
angles of the rotor blades and providing the pitch angle 
control With a hysteresis loop to delay the pitch control. 

[0008] In still another aspect, some con?gurations of the 
present invention provide a Wind turbine that includes a 
rotor having one or more rotor blades. The Wind turbine is 
con?gured to store recent historical pitch related data, Wind 
related data, or both and to analyZe the stored recent 
historical data to determine at least one of Whether rapid 
pitching is occurring or Whether Wind speed decreases are 
occurring. The Wind turbine is further con?gured to impose 
a minimum pitch, a pitch rate limit, or both on pitch angle 
controls of the rotor blades conditioned upon results of the 
analysis. 
[0009] In yet another aspect, some con?gurations of the 
present invention provide a Wind turbine that includes a 
rotor having one or more rotor blades. The Wind turbine is 
con?gured to control pitch angles of the rotor blades, and 
delay the pitch angle control utiliZing a hysteresis loop. 

[0010] Con?gurations of the present invention thus pro 
vide a reduction in peak operating de?ections, loads, and/or 
rotational speeds of Wind turbine rotors. Moreover, con?gu 
rations of the present invention are useful as a supplement to 
various knoWn dynamic control methods. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a draWing of an exemplary con?guration 
of a Wind turbine. 

[0012] FIG. 2 is a cut-aWay perspective vieW of a nacelle 
of the exemplary Wind turbine con?guration shoWn in FIG. 
1. 

[0013] FIG. 3 is a block diagram of an exemplary con 
?guration of a control system for the Wind turbine con?gu 
ration shoWn in FIG. 1. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0014] The present invention is related to the reduction of 
peak loads, de?ections, and/or rotational speed of Wind 
turbines such as those that occur in a changing Wind envi 
ronment during normal operation. Technical effects of the 
present invention therefore include a reduction in peak 
operating de?ections, loads, and/or rotational speeds of Wind 
turbine rotors, and/or the supplementing of various knoWn 
dynamic control methods for these purposes. 

[0015] In some con?gurations, pitch angles of rotor blades 
are controlled dependent upon measured data and minimum 
pitch angles and/or rates are limited based upon an analysis 
of the measured data. The pitch is alloWed to vary Within this 
minimum limitation a certain amount beloW a recent his 
torically measured or determined value, but is limited in 
terms of a minimum value and /or rate substantially beloW 
this value. 

[0016] Also in some con?gurations, pitch angles of rotor 
blades are controlled dependent upon recent historical data. 
The pitch angle control is provided With a hysteresis loop to 
delay the pitch control. 

[0017] Neither strategy need be limited to a knee of the 
poWer curve, but can be made available throughout a normal 
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operating range of a Wind turbine in Which loads rise to 
levels that could be structurally signi?cant. 

[0018] In some con?gurations and referring to FIG. 1, a 
Wind turbine 100 comprises a nacelle 102 housing a gen 
erator (not shoWn in FIG. 1). Nacelle 102 is mounted atop 
a tall toWer 104, only a portion of Which is shoWn in FIG. 
1. Wind turbine 100 also comprises a rotor 106 that includes 
one or more rotor blades 108 attached to a rotating hub 110. 
Although Wind turbine 100 illustrated in FIG. 1 includes 
three rotor blades 108, there are no speci?c limits on the 
number of rotor blades 108 required by the present inven 
tion. 

[0019] In some con?gurations and referring to FIG. 2, 
various components are housed in nacelle 102 atop toWer 
104 of Wind turbine 100. The height of toWer 104 is selected 
based upon factors and conditions knoWn in the art. In some 
con?gurations, one or more microcontrollers Within control 
panel 112 comprise a control system used for overall system 
monitoring and control including pitch and speed regulation, 
high-speed shaft and yaW brake application, yaW and pump 
motor application and fault monitoring. Alternative distrib 
uted or centraliZed control architectures are used in some 
con?gurations. 

[0020] In some con?gurations, the control system pro 
vides control signals to a variable blade pitch drive 114 to 
control the pitch of blades 108 (not shoWn in FIG. 2) that 
drive hub 110 as a result of Wind. In some con?gurations, 
hub 110 receives three blades 108, but other con?gurations 
can utiliZe any number of blades. In some con?gurations, the 
pitches of blades 108 are individually controlled by blade 
pitch drive 114. Hub 110 and blades 108 together comprise 
Wind turbine rotor 106. 

[0021] The drive train of the Wind turbine includes a main 
rotor shaft 116 (also referred to as a “loW speed shaft”) 
connected to hub 110 via main bearing 130 and (in some 
con?gurations), at an opposite end of shaft 116 to a gear box 
118. Gear box 118, in some con?gurations, utiliZes a dual 
path geometry to drive an enclosed high speed shaft. In other 
con?gurations, main rotor shaft 116 is coupled directly to 
generator 120. The high speed shaft (not shoWn in FIG. 2) 
is used to drive generator 120, Which is mounted on main 
frame 132. In some con?gurations, rotor torque is transmit 
ted via coupling 122. Generator 120 may be of any suitable 
type, for example and Without limitation, a Wound rotor 
induction generator or a direct drive permanent magnet 
generator. 

[0022] YaW drive 124 and yaW deck 126 provide a yaW 
orientation system for Wind turbine 100. Meterological 
boom 128 provides information for turbine control system 
300 of FIG. 3, including Wind direction and/or Wind speed. 
In some con?gurations, the yaW system is mounted on a 
?ange provided atop toWer 104. 

[0023] In some con?gurations and referring to FIG. 3, a 
control system 300 for Wind turbine 100 includes a bus 302 
or other communications device to communicate informa 
tion. Processor(s) 304 are coupled to bus 302 to process 
information, including information from sensors con?gured 
to measure displacements or moments. Control system 300 
further includes random access memory (RAM) 306 and/or 
other storage device(s) 308. RAM 306 and storage device(s) 
308 are coupled to bus 302 to store and transfer information 
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and instructions to be executed by processor(s) 304. RAM 
306 (and also storage device(s) 308, if required) can also be 
used to store temporary variables or other intermediate 
information during execution of instructions by processor(s) 
304. Control system 300 can also include read only memory 
(ROM) and or other static storage device 310, Which is 
coupled to bus 302 to store and provide static (i.e., non 
changing) information and instructions to processor(s) 304. 
Input/output device(s) 312 can include any device knoWn in 
the art to provide input data to control system 300 and to 
provide yaW control and pitch control outputs. Instructions 
are provided to memory from a storage device, such as 
magnetic disk, a read-only memory (ROM) integrated cir 
cuit, CD-ROM, DVD, via a remote connection that is either 
Wired or Wireless providing access to one or more electroni 

cally-accessible media, etc. In some embodiments, hard 
Wired circuitry can be used in place of or in combination 
With softWare instructions. Thus, execution of sequences of 
instructions is not limited to any speci?c combination of 
hardWare circuitry and softWare instructions. Sensor inter 
face 314 is an interface that alloWs control system 300 to 
communicate With one or more sensors. Sensor interface 

314 can be or can comprise, for example, one or more 
analog-to-digital converters that convert analog signals into 
digital signals that can be used by processor(s) 304. 

[0024] When rotor 106 is exposed to a rapid decrease in 
Wind speed (Which is often folloWed by a sudden increase in 
Wind speed), there is a tendency to rapid pitch toWards 
minimum pitch. To reduce rotor exposure, in some con?gu 
rations of the present invention, control system 300 intro 
duces a limit on minimum pitch and/or pitch rate that is 
dependent upon recent operating history. An operating his 
tory of the pitch of rotor blades 108 and/or of Wind speed 
recorded by meterological boom anemometry 128 is saved. 
The operating history can be saved, for example, in a 
circular buffer maintained by processor(s) 304 in memory 
306. This recent operating history can comprise, for 
example, pitch commands to pitch drives 114 (or any other 
data from Which pitch movements and/or current pitch can 
be determined) and/or Wind speed (or Wind speed change) 
measurements. As used herein, the term “recent historical 
pitch-related data” refers to data comprising either pitch 
related data, Wind speed related data, or a combination 
thereof. This recent historical pitch-related data can be saved 
periodically. If the data are saved periodically, the position 
Within the buffer and the sampling rate can be used (for 
example) to determine the times at Which the recorded 
pitches and/or Wind speeds Were measured. In some con 
?gurations, the recent historical pitch-related data are saved, 
along With clock times, only When signi?cant changes in 
pitch and/or Wind speed occur. The amount of memory 
required in either con?guration can be determined empiri 
cally or by analysis, depending upon the range of conditions 
for Which a reduction in peak operating de?ection is desired. 
In either con?guration, processor(s) 304 analyZe the saved 
measurements to determine Whether minimum pitch should 
be limited. If so, a minimum pitch is imposed on the pitch 
control for each blade. 

[0025] It is permissible that processor(s) 304 be con?g 
ured to analyZe only Whether rapid pitching toWard mini 
mum is occurring or only Whether Wind speed changes are 
occurring, as either condition may be indicative of the need 
to impose a pitch limit. For example, in some con?gurations 
only pitch data are recorded, and in others, only Wind speed 
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related data are recorded. However, in some con?gurations, 
both types of recent historical pitch related data are 
recorded, and in such con?gurations, processor(s) 304 can 
be con?gured to check for either or both occurrences. In 
such con?gurations, the presence of either rapid pitching 
toWard minimum or Wind speed changes may be considered 
indicative of the need to impose a pitch limit. What consti 
tutes “rapid pitching,”“sudden increases, and “a frequent 
basis” can be determined empirically or by analysis for 
particular con?gurations of rotor blades 108 and rotors 106, 
as can the “minimum pitch” that is suitable for given 
situations. Whether discovered empirically or by analysis, 
these de?nitions are later stored in a memory of Wind turbine 
100 and become predetermined conditions and values. In 
some con?gurations, these values are adaptively determined 
or predetermined values are adaptively adjusted. 

[0026] Some con?gurations of the present invention pro 
vide hysteresis to delay the rapid pitch to minimum ten 
dency, so that rotor eXposure to a fall folloWed by a sudden 
rise in Wind speed is reduced. In certain of these con?gu 
rations, the hysteresis is provided in addition to a minimum 
pitch limit. In various con?gurations, the limit on minimum 
pitch based on recent operating history and/or hysteresis 
loop-provided delay is operative only during times of above 
rated operation of Wind turbine 100. Because the limit on 
minimum pitch in these con?gurations is imposed only in 
above-rated operation conditions, Whether recent historical 
pitch-related data are stored and/or Whether the stored data 
are analyZed at other times can be left as a design choice. For 
eXample, the storage and analysis may take place and a pitch 
limit may be determined, but the imposition of this limit can 
be inhibited When operation is determined to be Within rated 
operation conditions. Other con?gurations may also inhibit 
the storage, analysis and/or determination of the minimum 
pitch limit. 

[0027] Con?gurations of the present invention thus pro 
vide a reduction in peak operating de?ections, loads, and/or 
peak rotational speeds on Wind turbine rotors. Moreover, 
con?gurations of the present invention are useful as a 
supplement to various knoWn dynamic control methods. 

[0028] While the invention has been described in terms of 
various speci?c embodiments, those skilled in the art Will 
recogniZe that the invention can be practiced With modi? 
cation Within the spirit and scope of the claims. 

1. Amethod for reducing at least one of loads, de?ections 
of rotor blades, or peak rotational speed of a Wind turbine, 
said method comprising: 

storing recent historical pitch related data, Wind related 
data, or both; 

analyZing the stored recent historical data to determine at 
least one of Whether rapid pitching is occurring or 
Whether Wind speed decreases are occurring; and 

imposing a minimum pitch, a pitch rate limit, or both on 
pitch angle controls of the rotor blades conditioned 
upon results of said analysis. 

2. A method in accordance With claim 1 Wherein at least 
said imposition of a minimum pitch, a pitch rate limit, or 
both is further conditioned upon the Wind turbine operating 
above rated operating conditions. 
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3. A method in accordance With claim 1 further compris 
ing controlling pitch angles of said rotor blades utiliZing a 
hysteresis loop to delay said pitch angle control. 

4. A method in accordance With claim 3 Wherein the 
hysteresis loop is operative only When the Wind turbine is 
operating above rated operating conditions. 

5. A method in accordance With claim 4 Wherein at least 
said imposition of a minimum pitch, a pitch rate limit, or 
both is further conditioned upon the Wind turbine operating 
above rated operating conditions. 

6. A method in accordance With claim 3 Wherein at least 
said imposition of a minimum pitch, a pitch rate limit, or 
both is further conditioned upon the Wind turbine operating 
above rated operating conditions. 

7. A method in accordance With claim 3 further compris 
ing utiliZing an additional dynamic control method for said 
pitch control. 

8. A method in accordance With claim 1 further compris 
ing utiliZing an additional dynamic control method for said 
pitch control. 

9. Amethod for reducing at least one of loads, de?ections 
of rotor blades, or peak rotational speed of a Wind turbine, 
said method comprising: 

controlling pitch angles of the rotor blades; and 

providing said pitch angle control With a hysteresis loop 
to delay said pitch control. 

10. A method in accordance With claim 9 Wherein said 
hysteresis is operative only When the Wind turbine is oper 
ating above rated operating conditions. 

11. A method in accordance With claim 9 further com 
prising utiliZing an additional dynamic control method for 
said pitch control. 

12. AWind turbine comprising a rotor having one or more 
rotor blades, said Wind turbine con?gured to: 

store recent historical pitch related data, Wind related data, 
or both; 

analyZe the stored recent historical data to determine at 
least one of Whether rapid pitching is occurring or 
Whether Wind speed decreases are occurring; and 

impose a minimum pitch, a pitch rate limit, or both on 
pitch angle controls of the rotor blades conditioned 
upon results of said analysis. 

13. AWind turbine in accordance With claim 12 Wherein 
at least said imposition of a minimum pitch, a pitch rate 
limit, or both is conditioned upon said Wind turbine oper 
ating above rated operating conditions. 

14. A Wind turbine in accordance With claim 12 further 
comprising a hysteresis loop con?gured to delay said pitch 
control. 

15. AWind turbine in accordance With claim 14 Wherein 
the hysteresis loop con?gured to be operative only When the 
Wind turbine is operating above rated operating conditions. 

16. AWind turbine in accordance With claim 15 Wherein 
at least said imposition of a minimum pitch, a pitch rate 
limit, or both is conditioned upon said Wind turbine oper 
ating above rated operating conditions. 

17. AWind turbine in accordance With claim 14 Wherein 
at least said imposition of a minimum pitch, a pitch rate 
limit, or both is conditioned upon said Wind turbine oper 
ating above rated operating conditions. 
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18. A Wind turbine in accordance With claim 14 further 
con?gured to utilize an additional dynamic control method 
for said pitch control. 

19. A Wind turbine in accordance With claim 12 further 
con?gured to utiliZe an additional dynamic control method 
for said pitch control. 

20. AWind turbine comprising a rotor having one or more 

rotor blades, said Wind turbine con?gured to: 
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control pitch angles of said rotor blades; and 
delay said pitch angle control utiliZing a hysteresis loop. 
21. AWind turbine in accordance With claim 20 Wherein 

said hysteresis loop is operative only When the Wind turbine 
is operating above rated operating conditions. 

22. A Wind turbine in accordance With claim 20 further 
con?gured to utiliZe an additional dynamic control method 
for said pitch control. 

* * * * * 


